which distorts the image of cerebral blood flow, can occur in at least three steps; from decapitation until the brain is frozen, while frozen sections on coverslips are thawed, and when dried sections are applied to x-ray film. In the present study, the first two steps were modified to reduce the time during which brain tissue was wet. When the brains of gerbils were taken out of the skulls and im mersed in chilled isopentane (-4SOC) , 90--95 s elapsed between decapitation until the brain tissues were frozen. However, immersion of whole heads in liquid nitrogen after decapitation decreased the time to 25 s. The auto radiograms had better contrast after the freezing proce dure with liquid nitrogen than after that with chilled isopentane. The drying time of the thawed sections was
e 4 C]iodoantipyrine ([ 1 4 C]IAP) is useful in the measurement of cerebral blood flow (CBP) since it is quite soluble in both water and lipid, and is highly diffusible within brain tissue (Sakurada et aI., 1978) . Autoradiography using e 4 C]IAP allows qualitative or quantitative measurement of local CBF in normal and pathological conditions. However, this method has the distinct problem that [1 4 C]IAP redistributes in postmortem brains because it is so diffusible. In fact, it has been shown that brain autoradiograms become obscure and fine structures become indis tinguishable if the time from decapitation until the brain is frozen is long (Jay et aI., 1988) .
Redistribution of e 4 C]IAP may occur during one markedly reduced by blowing hot air across the sections on a hot plate, and this resulted in clearer images on autoradiograms. In most of the tissues with values of cerebral blood flow over 100 ml 100 g -1 min -1 as mea sured using the conventional drying method, the corre sponding values were higher if the modified method was used. In contrast, in tissues with values less than 100 ml 100 g -1 min -1, the corresponding values were lower. Moreover, the differences between flows in adjacent small brain structures were less clear if the sections were dried by the conventional method. Reducing the time dur ing which postmortem brains or sections are wet can help prevent [14C liodoantipyrine diffusion artifacts. Key Words: Autoradiography-Cerebral blood flow Gerbil-Iodoantipyrine. or more of the following three steps: from decapi tation until the brain is frozen, while frozen sections are thawing on coverslips, and when dried sections are apposed to x-ray film. In the last step, however, it can be prevented if the sections sandwiched be tween the x-ray film and coverslips are kept dry when the x-ray cassette is opened.
In the present study, therefore, we modified the former two steps to reduce the time during which the brain tissues and sections are wet, and then measured the local CBP and compared it with the CBP obtained using the conventional procedures (Sakurada et aI., 1978; Jay et aI., 1988) .
MATERIALS AND METHODS

Temperature recordings from freezing brains
Four gerbils, weighing 60--80 g, were decapitated under 100 mg kg-1 of ketamine anesthesia. In two animals, a thermocouple electrode (2459-07, Yokogawa, Tokyo, Ja pan) was inserted into the medial thalamus 3 mm from the upper surface of the cerebral cortex through the foramen magnum. The heads were then frozen in liquid nitrogen and the temperatures were recorded for 1 min. The brain temperatures were also recorded in two other animals. In those two, the brains were taken out from the skulls and the electrode placed in the medial thalamus 3 mm from the surface of the cerebral cortex and 5 mm anterior to the superior colliculus. Then, the brains were immersed in isopentane (-45°C) for 1 min. To isolate the electrode from the coolant, the electrode cord was covered with double-lumen sheaths of polyethylene and polystyrene foam and the brain or head was held with looped silk threads in tight contact with both the sheath and the tis sue. The locations of the electrodes in both brains were confirmed after the recording, and data from animals with the electrode in the wrong location were omitted.
Weighing of thaw-mounted sections during drying
Each isopentane-frozen brain that had been removed under ketamine anesthesia was cut into 20 f.lm thick sec tions using a cryostat (5030, Bright Instrument Co. Ltd., Huntingdon, Cambridgeshire, England) at -22°C. To de termine. the time required to dry the thawed sections, frozen sections were weighed on pre weighed coverslips with a balance (AE240, Mettler Instruments, Greifengee, Switzerland) first before drying, and again 2,5,8, 10, and 15 s and 30 min after being placed on a hot plate (65°C), using the following two drying procedures: In our modi fied drying procedure, hot air (7SOC) was blown over 10 sections on the hot plate (65°C), while in the conventional procedure, 10 sections were simply placed on the hot plate. Temperature and humidity in the laboratory were controlled at 22°C and 60%, respectively.
Autoradiography
The cerebral hemispheres of two gerbil brains were di vided after the animals were killed under 100 mg kg -I of ketamine anesthesia. The homogenized brain tissues con taining four different concentrations of [14C]IAP were fro zen in liquid nitrogen and were sliced into 20 f.lm thick sections with a cryostat. Then, 10 thaw-mounted sections were dried on a hot plate and another 10 sections were dried by the modified drying procedure. The sections were placed on x-ray film (OMl, Eastman Kodak Co., Rochester, NY, U.S.A.) together with a calibrated stan dard scale of [14C]methylmethacrylate (Amersham, Ar lington Heights, IL, U.S.A.). The concentrations of [14C]lAP were measured using a computerized image an alyzer (MCID, Imaging Research Inc., St. Catharines, Ontario, Canada).
Seven 60-80 g gerbils were prepared on the day before the measurement of CBF by insertion of polyethylene catheters (Clay-Adams PE-IO, Becton, Dickinson and Co., Parsippany, NJ, U.S.A.) into the femoral artery and vein and removal of hair from the head under 100 mg kg -I of ketamine anesthesia. They were then put in in dividual cages and given food and water ad libitum. The next day, the animals were anesthetized with 0.7-0.9% halothane in a mixture of 70% nitrous oxide and 30% oxygen. The body temperatures were controlled at 37°C using a lamp. Arterial blood pressure, heart rate, arterial blood gases, and hematocrit were measured immediately before intravenous infusion of 20 f.lCi of [14C]IAP (Am ersham) in 400 f.ll of physiological saline for 1 min. Blood samples were collected from the arterial catheter into small beakers containing filter paper disks and were counted in accordance with the conventional method (Sakurada et aI., 1978) . In two gerbils, the brains were taken out of the skulls before they were put into isopen tane (-45°C). Then the brains were sliced into 20 f.lm thick sections at -22°C and the thaw-mounted sections were dried using the conventional drying procedure. Sev eral adjacent sections were processed for autoradio grams. In five other animals, the heads were put into liquid nitrogen within 5 s after decapitation. The brains were removed with a rongeur and a dissector in the cryostat and were also sliced into 20 f.lm thick sections. To compare the autoradiograms after the two different drying procedures, two thawed contact sections were dried using each method. Several such pairs of contact sections were made to check for inappropriate slices on autoradiograms. The other adjacent sections were stained with hematoxylin and eosin to examine 28 regions corre sponding to specific anatomical structures (Loskota et aI., 1974) . The autoradiography procedure was above de scribed. Two adjacent sections with the smallest differ ence in their values of local CBF in a particular region were selected for each drying procedure and the mean of the two was used as the value of local CBF.
Statistical analysis
All values are given as means ± SD. Statistical com parisons between two groups were made by two-tailed Student's t and paired t tests. For multiple comparisons, statistical significance was determined using one-way analysis of variance and Dunnett's test (two tailed).
RESULTS
In five normal animals, the mean arterial blood pressure was 92 ± 5 mm Hg, heart rate was 350 ± 58 beats min -1, pH was 7.35 ± 0.02, Pa02 was 100 ± 12 mm Hg, PaC02 was 41 ± 2 mm Hg, and he matocrit was 47 ± 1.5%. the cerebral cortex fell below O°C 15-20 s after the whole head was immersed in liquid nitrogen. The temperature at the same depth reached O°C 20-25 s after the brain alone was immersed in chilled isopentane. Therefore, freezing took less than 25 s (including about 5 s to transfer and immerse the head) when using the whole head and liquid nitro-
gen, but it took 90-95 s for deep brain tissue to freeze after decapitation, removal of the brain, and immersion in chilled isopentane.
When comparing e 4 C]IAP autoradiograms of the brains frozen using the two different methods, we found that regional differences in density were clearer in brains from whole heads frozen in liquid 
FIG. 2. Autoradiograms of CBF at the level of the hippocampus of a brain frozen in isopentane at -45°C (A) and of a brain from a head frozen in liquid nitrogen (8 and e), and values of CBF on the transept line (bar) in the corresponding autoradiograms (0, E and F, respectively). The thaw-mounted sections were dried on a hot plate at 65°C (A and 8). Note that the dark and light densities indicating anatomical structures are clearer in 8 than in A. A thawed section adjacent to section B was both heated on the hot plate and exposed to blowing hot air (75°C) (e). A more distinct difference in densities in a subfield of the hippocampus (arrow) resulted from the more rapid drying. In the quantitative data, the line profiles show the cerebral cortex as a large wave in left half of the graphs and the hippocampus in the right half. Peaks in the cortex and hippocampus are higher in sections dried by the modified procedure (F) than in those dried without hot air (0 and E). Two peaks (arrows) and the valley between them (arrowhead) in the hippocampus indicate the dentate gyrus and CA4, respectively. The difference between the values of the two peaks and the valley between them is greater after modified drying (F) than after conventional drying (E). The pattern of the hippocampus, except for the outer blade of the dentate gyrus (right arrow), is also less uneven (D). Values are means ± SD (n = 10) and are expressed as percentages of the predrying weight.
Differences from values at 30 min were analyzed by Dunnet's test.
nitrogen than in brains frozen in isopentane ( Figs.  2A and B) . However, even using whole heads and liquid nitrogen, borderlines between structures were still obscure.
Autoradiograms after different drying procedures
As shown in Table 1 , the thawed sections were almost completely dry in 8-10 s when only a hot plate was used. However, the mean weight of the thawed sections decreased more rapidly, and reached its minimum within 2 s, if the sections were exposed to both a hot plate and a hot air stream.
The different concentrations of e 4 C]IAP in four brain tissue homogenates after the conventional and modified drying procedures were 456 ± 16 and 456 ± 14; 320 ± 9 and 328 ± 8; 146 ± 5 and 147 ± 4; and 36 ± 2 and 36 ± 2 nCi. There were no significant diff er ences between the two methods (Student's t test).
As shown in Figs. 2B and C, differences in den sity, which indicate small brain structures, were easier to identify in the sections dried using both the hot plate and hot air, and the borders between ad jacent structures were also sharper. The modified drying method resulted in greater differences in CBF values on the transept line across the cerebral cortex and hippocampus (Fig. 2F) , i.e., in the hip pocampus there were greater differences between the two peaks and valley between them with the modified method than with the conventional one ( Fig. 2E) . In comparing the values of local CBF measured using the two methods of drying (Table  2) , we found that for most areas the CBF was over estimated below 100 ml 100 g-I min -I and under estimated above 100 ml 100 g-I min -I without us ing hot air. The differences between the values of local CBF measured using the two methods ranged from -28 to + 19%.
DISCUSSION
Measurements of local CBF by quantitative au toradiography of diffusible tracers may be subject to several methodological errors. These include postmortem diffusion of the tracer, blood sampling, variations in thickness of sections, and inappropri ate identification of anatomical structures. Post mortem diffusion of e 4 C]IAP can distribute the true distribution of flow (Jay et aI., 1988) . Arterial blood sampling for measurement of tracer concentration may also contribute to errors due to a lag time, blood smearing, and mixture of distal with proximal blood in the catheter (Reivich et aI., 1969; Richards et aI., 1987; Jay et aI., 1988) . Variability in the thick ness of sections can produce different densitometric values of the same brain region (Reivich et aI., 1969) . In the present study, therefore, the means from adjacent sections were calculated. Regarding the selection of regions of interest on autoradio grams, there is probably little variation when an image analyzer is used (Ramm et aI., 1984) . The first phase of postmortem diffusion of the tracer starts after decapitation and continues until the brain is fully frozen. A diffusible tracer will move from structures with higher concentrations to those with lower concentrations and may fully equilibrate in an unfrozen brain. Since small ani mals have more compact anatomical structures than large animals, the borders between adjacent struc tures with different concentrations of tracers disap pear very quickly. In fact, a delay of only 1 min between killing and immersion of the brain in a freezing medium results in homogenous distribution of the tracer in cryostat sections of mouse brain (Jay et aI., 1988) . In the present experiment, this artifact was minimized by rapid freezing of brains in liquid nitrogen. However, there were still obscure margins, indicating that some diffusion artifacts re mained. This led us to improve the procedure for drying cryostat sections in order to reduce postmor tem redistribution of tracers.
We found that cryostat sections required 8-10 s to dry on a hot plate at 65°C. Blowing hot air over the sections reduced the drying time by more than 75%. Although this corresponds to a shortening of only 8 s, anatomical structures could be more easily identified on autoradiograms. This is probably due to the fact that water diffuses more easily through discontinuous cell membranes of cryostat sections than through the intact brain.
Cerebral blood flow is a function of blood volume and transit time through capillaries (Kety, 1951) . Under physiological conditions, the distribution of flow, therefore, follows the distribution of capillar ies. In fact, in larger animals, density differences of e 4 C]IAP autoradiograms reflect anatomical struc tures (Tuor et aI., 1986; Schuier et aI., 1987) . In the present experiment, shortening the time during which postmortem brains and tissue sections were wet not only improved the demarcation between gray and white matter but also the resolution of density differences in deep brain regions. Previous autoradiograms did not allow the distinction be tween anatomical structures with different CBF val ues (Tyson et aI., 1984; Matsumoto et aI., 1987) . The improvement obtained by the present modifi cation, therefore, will permit studies of physiologi-J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 cal and pathological changes in small anatomical structures.
CBF rates measured with the old procedure over estimated low values and underestimated high val ues when compared with the present modification of the method. The borderline value, i.e., where the difference between the new and old method is either positive or negative, is approximately 100 ml 100 g-I min -I. In most structures in which the old pro cedure measured values over 150 mll00 g-I min -I, the corresponding flow rates obtained by the new procedures were more than 10% higher. This dem onstrates that regions with high flow rates are most strongly affected by postmortem diffusion. Im provement of contrast, therefore, is most marked in those areas in which small anatomical structures with highly different flow values are immediately adjacent, e.g., the difference between the subicu lum and the medial CA 1 sector was 21 ml 100 g -1 min -1 using the old and 41 ml 100 g -1 min -1 using the new drying method. The differences between CA4 and dentate gyrus was 24 and 43 ml 100 g -1 min -1, respectively. These data clearly show that the present modification of the [1 4 C]IAP method substantially improves postmortem diffusion arti facts.
